THE human population size has been growing rapidly, most notably since the advent of agriculture ∼10,000 years ago. The rate of population growth has increased over time to as much as 10--30% per generation during the last 500 years ([@bib7]; [@bib16]; [@bib46]; [@bib20]). This recent demographic growth is reflected in recent estimates from genetic data of the human current effective population size (*N*~e~), with all estimates being much higher than the conventionally estimated historical variance effective population size of ∼10,000 ([@bib8]; [@bib20]; [@bib37]; [@bib45]). The growth in effective population size has resulted in an excess of rare alleles due to the very large number of recent mutations ([@bib8]; [@bib12]; [@bib20]; [@bib37]; [@bib45]). Not only are the vast majority of protein-coding variants rare and recent, but also both the group of rarer and the group of more recent variants are enriched for deleterious mutations ([@bib12]; [@bib37]; [@bib45]). The extent to which recent population expansion has contributed to these empirical observations depends on how purifying selection has operated during the epoch of growth. Growth can potentially increase the number of deleterious alleles carried by each individual and the burden of disease-causing alleles in the human population.

It is crucial to understand the interaction of demographic expansion and natural selection, and in particular purifying (negative) selection, to assess whether the recent explosive growth has affected the genetic basis and architecture of complex disease. Several theoretical predictions of natural selection in a population of varying size have been formulated, but there is no adequate coverage of the situation where a population started growing only recently and is far from reaching a new mutation--selection--drift equilibrium. On one hand, it has been suggested that rapid growth of human populations may have led natural selection to be inefficient at removing deleterious mutations ([@bib6]), which could lead to a rapid accumulation of deleterious alleles ([@bib26]; [@bib30]). On the other hand, since an increase in *N*~e~ increases the efficacy of natural selection to raise the frequency of favorable mutations and reduce the frequency of deleterious mutations ([@bib23], [@bib24]), it has also been suggested that with the current human *N*~e~, even slightly deleterious mutations can be purged ([@bib41]). Indeed, for a population that has been exponentially growing throughout its history, it has been established that deleterious mutations have a lower probability of fixation compared to those in a nongrowing population, and most deleterious mutations will eventually be lost ([@bib49]). However, for mutations that reach fixation, the expected time until fixation (conditional upon fixation) increases with population size ([@bib25]; [@bib36]; [@bib50]). Thus, weakly deleterious mutations can segregate longer, and increase in their number of copies in the population.

In this study, we examine the characteristics of deleterious mutations in a scenario of recent explosive growth of approximately the magnitude experienced by human populations, with the aim of answering three questions. First, is the population growth expected to lead to an increase in the number of deleterious mutations carried by each individual in the extant, large population? Second, how does the growth affect the purging of rare deleterious derived alleles? And third, has growth affected the average selection coefficient of segregating variants and, as a consequence, the average individual fitness?

Due to the limitations of theoretical results that assume equilibrium, we addressed these questions, using forward-in-time simulations that track the evolution of newly arisen mutations with known selective effects over time. Importantly, using simulations allowed the comparison of models with and without recent growth, as well as with and without purifying selection, thereby revealing how population growth alone has altered the efficacy of purifying selection.

The main results of the simulations are that population growth largely increases the number of segregating sites in the population and slightly increases the average number of mutations carried by each individual, including that of deleterious mutations. Studying the relationship between the number of copies of a derived allele and its selection coefficient, our results indicate that the increased efficacy of natural selection in a growing population results in a faster elimination of newly introduced mutations that are strongly deleterious. As a consequence, while each individual in a growing population carries a larger number of deleterious variants, the average selection coefficient of each variant copy is less deleterious than in a population that has remained at constant size in recent history. Finally, we discuss the implications of these results on the overall individual fitness in extant human populations and on the genetic architecture of complex diseases.

Materials and Methods {#s1}
=====================

Simulated loci {#s2}
--------------

We performed forward-in-time population genetic simulations using the program SFS_CODE ([@bib17]), including a few minor revisions to its source code. We simulated two types of loci, one evolving neutrally and one evolving under purifying selection. For each type of locus, we considered two demographic scenarios, one that includes recent population growth and one without growth. For each of these four locus-by-demography combinations, we simulated genetic sequences of 5 kb with a mutation rate of 2 × 10^−8^ per nucleotide. The value chosen for the mutation rate is higher than recent estimates ([@bib5]; [@bib18]), but does not affect our conclusions since these are based on comparing the different simulated combinations. For computational efficiency, each individual 5-kb locus is in complete linkage, with no recombination. We simulated 10,000 independent replicates of each of the four models, and considered summary statistics in each replicate and then averaged them across the 10,000 replicates. Relevant SFS_CODE command lines are provided in [Supporting Information](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-15.pdf), [File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-12.pdf).

Models of population history {#s3}
----------------------------

The two demographic scenarios (with growth and without growth) occur in two distinct populations that split from a common ancestral population. At the split time, SFS_CODE makes a copy of the ancestral population such that each new population conserves the full ancestral effective population size of *N*~e~ = 10,000 (throughout, quantities denote *effective* population sizes). This ensures that both populations start in identical states. Prior to the population split, the ancestral population follows a demographic model of European history with two population bottlenecks, as described in [@bib21]. Specifically, after the burn-in phase, the population undergoes a first bottleneck of intensity *F* = 0.264 at 4720 generations ago followed by a quick recovery to the ancestral population size of *N*~e~ = 10,000. The second bottleneck occurs 720 generations ago with an intensity of *F* = 0.09, also followed by a quick recovery to the ancestral population size ([@bib21]). Then, 420 generations before present the ancestral population splits into two populations. One population (referred to as the "with growth" population) starts growing exponentially 400 generations before present (∼10,000 years ago) at a rate of 1.74% per generation thereby reaching a final size of *N*~e~ = 10,000,000 at the end of the simulation ([@bib20]). The other population (the "no growth" population) maintains a constant *N*~e~ = 10,000 from the split until the present. The with growth and no growth models are therefore identical over their entire history except for the last 400 generations ([Figure S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-5.pdf)). We followed mutations during the last 440 generations of the simulation, covering the entire exponential growth phase and the 40 preceding generations when the two models are still identical.

We considered additional models of population history, including varying recent growth and ancient history, as well as a baseline of a population that has been of constant size throughout history ([File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-12.pdf)). These additional models show that all results presented throughout the study are robust to the details of ancestral model of European history ([@bib21]) and the recent explosive growth model ([File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-12.pdf)). In all models we considered a generation time of 25 years.

Mutations and natural selection {#s4}
-------------------------------

For each model of population history, we simulated loci in which either all mutations are neutral (selection coefficient *s* = 0) or all mutations are deleterious (*s* \< 0). For each deleterious mutation, *s* was obtained from the population-scaled selection coefficient, *γ* = 2*Ns* with *γ* following the opposite of a gamma distribution, (*α*, *β*). We chose the shape parameter *α* = 0.206 and rate parameter *β* = 1/2740 from [@bib2], after rescaling to an ancestral *N*~e~ of 10,000. With these parameter values, the average *s* was −0.028. We simulated all loci as "noncoding" in SFS_CODE nomenclature since "coding" regions assume no fitness effect (*s* = 0) at approximately one-third of sites. Mutations with *s* \< −1were set to *s* = −1.

Following the implementation in SFS_CODE ([@bib17]), the fitness of each individual is the product of the fitness effect of the mutations it carries, which for a mutation with selection coefficient *s* (*s* \< 0 for deleterious mutations) is 1 + *s* in heterozygotes and (1 + *s*)^2^ in homozygotes. The selection model implemented in SFS_CODE is a model of shift in fitness, such that the selection coefficient of alleles that reach fixation is reset to 1. Throughout, we therefore ignored mutations that reach fixation. The use of a shift in fitness model has a minimal effect on the results since fixations are extremely rare (\<0.3% of the mutations) during the 400 generations followed here. In addition, this model has recently been shown to be a realistic fit to human mutation load ([@bib19]; [@bib28]). We refer to derived alleles (*i.e.*, the new alleles introduced by the mutation process) as *lost* from the population when they reach 0 copies.

Simulation scaling {#s5}
------------------

For computational efficiency, and since the extant effective population size following growth is very large (10,000,000), we scaled down both the effective population size and the time by a factor of 10. This scaling approach has been shown to lead to little change in resulting patterns of variation ([@bib17]). While scaling does not broadly alter allele frequencies, it does affect the nominal number of copies of each allele. For example, the simulated ancestral population size is 1000 individuals, in which a singleton (allele appearing in a single copy) is of frequency 0.05%, while a singleton in a population of 10,000 individuals is of frequency 0.005%. For this reason, we do not make direct quantitative inference on the distribution of rare variants in the real-sized human population, but rather focus all analyses and conclusions on a comparison of the models with and without growth.

Analyses and summary statistics {#s6}
-------------------------------

At each generation, we recorded the number of segregating sites, the number of copies of the derived allele at each segregating site, and their selection coefficients. We calculated and averaged the following quantities for each simulated scenario. *S* is the number of segregating sites, *i.e.*, genomic positions that carry one or more copies of a derived allele ([Figure 1A](#fig1){ref-type="fig"}). The derived allele count (DAC) is the number of copies of the derived allele of a segregating site, which we denote by δ~i~ for site i. The proportion of segregating sites lost, $\% S_{\text{lost}}$, is given by $R/S$, where *R* is the number of segregating sites lost ([Figure 1B](#fig1){ref-type="fig"}). The proportion of segregating sites lost is also computed within different categories of DAC, *i.e.*, $R_{k}/S_{k}$ for different values of DAC *k* =1, . . . , 6 ([Figure 2](#fig2){ref-type="fig"}). The fraction of derived alleles at lost sites, $\%\text{DA}_{\text{lost}}$, is given by ${\sum_{j = 1}^{R}\delta_{j}}/{\sum_{i = 1}^{S}\delta_{i}}~$. We partitioned deleterious segregating sites into three categories based on their selection coefficient *s*: "very deleterious" ($s \in ~$\[−1, −0.01\]), "mildly deleterious" ($s \in ~$(−0.01, −0.0001\]), and "nearly neutral" ($s \in$(−0.0001, 0\]). The percentage of derived alleles in each of these categories is given by $\%\text{DA}_{k} = {\sum_{j = 1}^{S_{k}}\delta_{j}}/{\sum_{i = 1}^{S}\delta_{i}}$ × 100, where *S~k~* is the total number of segregating sites in category *k* ([Figure 3](#fig3){ref-type="fig"}). The average fitness effect across copies of derived alleles, *w*~DA~, is given by ${\sum_{i = 1}^{S}{\delta_{i}~s_{i}}}/{\sum_{i = 1}^{S}\delta_{i}}$, where $s_{i}$ is the selection coefficient of the derived allele at site *i* ([Figure 4](#fig4){ref-type="fig"}). The average number of mutations per individual chromosome is calculated as *L* = ${\sum_{i = 1}^{S}\delta_{i}}/\,2N_{\text{e}}$, where *N*~e~ is the simulated (scaled) number of individuals ([Figure 5](#fig5){ref-type="fig"}).

![Population growth increases the number of segregating sites, but also the fraction of sites that are lost. (A) *S*, the number of segregating sites of the whole population (on a log scale); (B) %*S*~lost~, the percentage of segregating sites lost from the population in a single simulated generation (*Materials and Methods*). Both panels present the two simulated demographic scenarios (with growth and with no growth) for each selection model (neutral or deleterious). Results are presented every 10 generations (corresponding to a single simulated generation) during the last 440 generations. Population growth increases both *S* and %*S*~lost~. *S* is smaller for deleterious than for neutral mutations, while %*S*~lost~ is higher. Trends with time in the models without growth are due to the preceding population bottlenecks ([Figure S3](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-2.pdf)).](969fig1){#fig1}

![Rare variants are less likely to be lost during population growth, but deleterious ones are purged more efficiently. (A) Percentage of sites of a given derived allele count (DAC) that are lost (%*S*~lost~) in a single simulated generation. For example, at a neutral locus in the scenario without growth, just over 36% of all the singletons in the population are not observed in the next generation, with the other 64% being transmitted (with any number of copies) to the next generation. Note the different scaling of the *y*-axis in the different panels, which also explains the noisier trends as DAC increases. (B) For each demographic scenario, the same data as in A are presented as the ratio of %*S*~lost~ at the deleterious over %*S*~lost~ at the neutral loci. Population growth increases this ratio, which reflects the higher efficacy of natural selection.](969fig2){#fig2}

![Higher efficiency of natural selection in a growing population decreases the percentage of the most deleterious allele copies. Segregating sites are classified into three discrete categories of fitness effect. For each category, the percentage of derived alleles (%DA) is the sum of the number of copies of derived alleles observed across all the segregating site in the category divided by the total number of derived alleles across all segregating sites in the population × 100 (%DA of the three categories sums up to 100). Data are shown for the last generation of the simulation, both with and without recent growth. Vertical bars denote ±SE based on 10,000 replicates. Population growth leads to a lower percentage of derived alleles in the most deleterious category.](969fig3){#fig3}

![The average selection coefficient across alleles present in the population is increased by population growth. The average selection coefficient of a derived allele (*w*DA) is obtained by weighting the selection coefficient of each segregating site by its number of copies (*Materials and Methods*). The increase in average selection coefficient of derived alleles shows that alleles are on average less deleterious over time. The increase in the population model without growth is due to the preceding population bottlenecks ([File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-12.pdf)). The increase is faster for the model with population growth.](969fig4){#fig4}

![The number of mutations carried by each individual chromosome is higher in a growing population. The number of mutations per chromosome *L* (*Materials and Methods*) is presented for neutral and deleterious loci. *L* increases slowly as the population grows: *L* increases by only 1.14% and 1.03% at the neutral and the deleterious locus, respectively, between the beginning and the end of the growth.](969fig5){#fig5}

Results {#s7}
=======

Accumulation and loss of segregating sites {#s8}
------------------------------------------

We first measured the accumulation of mutations in the population by tabulating *S*, the number of segregating sites. Since our simulations assume an infinite-sites model, each new mutation introduces a new segregating site. As expected ([@bib48]; [@bib44]), *S* increases rapidly over time as the population grows, culminating in over two orders of magnitude increase following 400 generations of growth, both with and without selection ([Figure 1A](#fig1){ref-type="fig"}). For both demographic scenarios, loci with deleterious mutations have on average fewer segregating sites than loci with solely neutral mutations ([Figure 1A](#fig1){ref-type="fig"}), as expected by purifying selection (*e.g.*, [@bib39]), but the relative difference between the two becomes smaller as the population grows ([Figure 1A](#fig1){ref-type="fig"}).

To further investigate the effect of genetic drift and natural selection on the number of segregating sites under population growth, we estimated at each generation the percentage of segregating sites that are not observed in the next generation (%*S*~lost~). After a few generations of mutation accumulation, %*S*~lost~ becomes higher for the model with population growth, both for neutral and for deleterious loci ([Figure 1B](#fig1){ref-type="fig"}), implying that population growth increases not only the number of segregating sites, but also the rate at which they are lost. This phenomenon is explained by the larger fraction of singletons ([Figure S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-11.pdf)) and very rare variants in the growing population, which have a higher probability of loss ([Figure 2](#fig2){ref-type="fig"}).

Derived allele count of segregating sites {#s9}
-----------------------------------------

Each segregating site in the population can be categorized by the number of sequences that carry the derived allele. The average DAC per segregating site (see *Materials and Methods*) is a measure of the prevalence of those sites in the population. This measure is pertinent when comparing populations of different sizes since allele frequencies are difficult to interpret as the sample size (which is here the population size) increases in the population with growth. Furthermore, it is the allele count, rather than the allele frequency, that affects its probability of loss or transmission ([File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-12.pdf)).

Our simulations reproduce a well-established effect of population growth ([@bib52]; Wakeley 2008; [@bib8]; [@bib20]; [@bib37]; [@bib45]) by showing an increase in the proportion of singletons (sites with DAC = 1) ([Figure S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-11.pdf)). The proportion is further elevated at deleterious loci for both population models ([Figure S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-11.pdf)). To investigate the efficacy of purifying selection in a growing population free of the expected skew in the site frequency spectrum, we consider instead the DAC of lost segregating sites.

We computed the percentage of lost sites within each category of DAC, with %*S*~lost~ for DAC = *k* being the percentage of segregating sites with *k* derived alleles that are lost within one generation (*Materials and Methods*). In contrast to the increase of %*S*~lost~ when considered across all DACs ([Figure 1B](#fig1){ref-type="fig"}), we observe that within each DAC category, population growth decreases %*S*~lost~ ([Figure 2A](#fig2){ref-type="fig"}), both for neutral (36.7% to ∼30.4%) and for deleterious loci (∼44.1% to ∼39.7% for singletons). This differential direction ([Figure 1B](#fig1){ref-type="fig"} vs. [Figure 2A](#fig2){ref-type="fig"}) is due to the greater percentage of variants with low DAC in the growing population. For example, singletons represent 46.8% of all segregating sites under growth with neutral mutations and only 17.9% in the same scenario without growth ([Figure S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-11.pdf)). As such, the percentage of variants that are singleton and lost (without conditioning on being a singleton) from all segregating sites is higher in the growing population than in the scenario without growth (30.4% × 46.8% = 14.2% *vs.* 36.7% × 17.9% = 6.6%, respectively).

In addition to the decrease in %*S*~lost~ in each DAC, we also observe that %*S*~lost~ is always higher at the loci under selection than at the neutral loci. Both these results follow expectations of the action of population growth and selection, respectively, but interestingly the increase in %*S*~lost~ due to selection is proportionally higher in the growing population ([Figure 2B](#fig2){ref-type="fig"}). For singletons for instance, the proportion of segregating sites lost is 1.3 times higher under selection with growth, while it is only 1.2 times higher under selection without growth ([Figure 2B](#fig2){ref-type="fig"}). These results show that purifying selection further facilitates the purging of deleterious sites in a growing population.

Segregating sites that are lost are overwhelmingly sites with low DACs. Specifically, among all segregating sites that are lost in a given generation, singletons and doubletons make up \>95% in both population models ([Figure S4](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-9.pdf)). Sites with DAC \> 10 represent between 0% and 3.3 × 10^−5^% of the lost sites at deleterious loci for the model without and with growth, respectively. Hence, lost segregating sites represent only a small fraction of all the copies of derived alleles present in the population. While ∼16% of segregating sites are lost at the neutral locus with growth ([Figure 1B](#fig1){ref-type="fig"}), these sites compose only 0.1% of the total number of copies of derived alleles in the population (%DA~lost~, *Materials and Methods*; [Figure S5](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-17.pdf)). At a locus under purifying selection, %DA~lost~ is an order of magnitude higher in both demographic models ([Figure S5](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-17.pdf)), thus showing the contribution of natural selection in the process of allele loss and removal.

In summary, by carefully considering the DAC at lost sites, we have shown that the action of natural selection is not invalidated under population growth. In addition, although it decreases the proportion of segregating sites lost in each DAC category, the larger size of the growing population improves the efficacy of natural selection, and deleterious sites are more readily eliminated.

Fitness effect of deleterious alleles in a growing population {#s10}
-------------------------------------------------------------

### Average fitness effect of a deleterious mutation: {#s11}

To go beyond the burden in the number of deleterious mutations and consider their effects, we compared the distribution of selection coefficients in the population models with and without growth. We computed the average fitness effect (selection coefficient) for derived alleles that are lost and derived alleles that are transmitted to the next generation by averaging the fitness effect of each allele weighed by its number of copies (*Materials and Methods*). As expected, in both demographic scenarios, lost sites are much more deleterious than sites that are transmitted ([Figure S6](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-7.pdf)). Interestingly, this phenomenon is more pronounced in a growing population, again pointing to the higher efficacy of selection in a larger population ([Figure S6](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-7.pdf)).

To obtain a snapshot of the fitness effect of all segregating variation (*i.e.*, independently of whether sites are lost or transmitted to the following generation), we partitioned segregating sites into three categories corresponding to very deleterious, mildly deleterious, and nearly neutral (*Materials and Methods*). Considering the number of copies of each site, we measured the percentage of copies of derived alleles (%DA) that fall into each category. In the very deleterious category, %DA decreases progressively over time as the population grows ([Figure S7](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-14.pdf)). At the last generation of the simulation, %DA is significantly lower (by 8.4%) than in the model without growth ([Figure 3](#fig3){ref-type="fig"}). The effect of the population model on the other two categories is much smaller and nonsignificant ([Figure S7](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-14.pdf) and [Figure 3](#fig3){ref-type="fig"}). The stronger effect of population growth on the most deleterious alleles is also visible in the site frequency spectrum ([Figure S8](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-3.pdf)). More generally, the selection coefficient *s* averaged across all derived allele copies (*w*~DA~) becomes less deleterious as the population grows ([Figure 4](#fig4){ref-type="fig"}). At the end of the simulation, an allele chosen randomly is 15.8% less deleterious in the population that has undergone growth ([Figure 4](#fig4){ref-type="fig"}). We note that the average selection coefficient also increases---although to a smaller extent---in the absence of growth ([Figure 4](#fig4){ref-type="fig"}). This is because the population model without growth is also not at equilibrium due to the preceding population bottlenecks. The role of the bottlenecks becomes evident in comparison to a model of a population that has been of constant size throughout history ([File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-12.pdf); [Figure S9](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-13.pdf)).

Despite the accumulation of deleterious segregating sites in the growing population, we show a stronger increase in the average fitness effect of derived alleles in the growing population ([Figure 4](#fig4){ref-type="fig"}). This effect is particularly evident when considering the relative amount of very deleterious alleles. In the scenario with growth, for one copy of a very deleterious allele there are 130 copies of nearly neutral ones; the respective is only 1 to 48 ([Table S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-1.pdf)A). The new mutations accumulated due to growth tend to be more deleterious due to their recency, but while less deleterious alleles increase in number of copies faster as the population grows, the very deleterious alleles are purged more effectively in this scenario.

### Average number of mutations per chromosome: {#s12}

We next considered the burden of deleterious mutations as the number of mutations present in each of the 2*N*~e~ chromosomes in the population. As expected, the average number of mutations per chromosome, *L*, is much larger at the neutral loci than at the deleterious loci ([Figure 5](#fig5){ref-type="fig"}). *L* is also larger---both with and without selection---in the growing population ([Figure 5](#fig5){ref-type="fig"}). This increase in *L* is steady over the generations of population growth, but in stark contrast to the several orders of magnitude increase of *S* ([Figure 1A](#fig1){ref-type="fig"}), *L* increases by only 0.9% relative to the model without growth at the neutral locus, and by only 6% at the deleterious locus ([Figure 5](#fig5){ref-type="fig"}; [Figure S10](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-4.pdf)). This can be understood by considering that the time to the most recent common ancestor (*t*~MRCA~) of a neutral locus, which underlies *L*, can increase only by as many generations as growth lasted, no matter how extreme that growth has been. For the demographic models considered here, *t*~MRCA~ for a pair of chromosomes is on the order of 15,000 generations, and thus the very recent growth starting only 400 generations ago can lead only to a relatively small increase ([File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-12.pdf)).

### Average fitness of individuals: {#s13}

We established that on the one hand, population growth slightly increases the average number of mutations carried by an individual and, on the other hand, each of these alleles is slightly less deleterious. The overall fitness of an individual is a function of the combined effect of all deleterious alleles it carries. In our simulations, the above two effects counteract each other such that individual fitness is similar between the two population models ([Figure S11](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-10.pdf)). We note, however, that this specific result might vary as a function of growth model parameters and dominance level.

Discussion {#s14}
==========

In this study, we address whether an extremely fast and recent population growth can hinder the action of purifying selection. We studied this independent of any effects that the transition to agriculture itself might have had on purifying selection ([@bib10]; [@bib13]). The joint effect of natural selection and population growth on deleterious alleles is not trivial to understand since these two forces have opposite effects: purifying selection purges deleterious alleles while population growth introduces an excess of deleterious mutations into the population. To disentangle the effects of population growth and purifying selection, we compared simulated loci with neutral mutations to those with deleterious mutations, each in population models with and without a recent epoch of exponential growth. The particular choice of the population growth model does not affect the results, as we showed by repeating the analyses using other published models of recent European history ([File S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-12.pdf), [Figure S12](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-18.pdf), [Figure S13](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-8.pdf), and [Figure S14](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.153973/-/DC1/genetics.113.153973-16.pdf)).

Our results show that population expansion is accompanied by an accumulation of segregating sites. At both locus types and in both demographic scenarios, mutations that are not transmitted to the next generation are typically singletons or doubletons, which constitute the majority of segregating sites but only a small fraction of all copies of derived alleles present in the population. Beyond known differences in the site frequency spectrum, we showed that mutations lost during population growth have on average more deleterious fitness effects than in a population that does not experience growth. This effect is attributable to the increased efficacy of purifying selection as the population size increases. As a result, derived alleles present in the growing population have on average a less deleterious effect when averaged per allelic copy. This result may seem at odds with recent sequencing studies that have shown that human populations carry a burden of recent mutations that tend to be more deleterious due to their recency ([@bib12]; [@bib37]; [@bib45]). However, recent mutations are expected to be more deleterious also in the absence of population growth. Thus, to understand how population growth has affected the selection coefficient of segregating mutations, the empirical comparison should be made to a human population that has not experienced recent growth. Here, we show that averaging all segregating sites, across frequency or age, the selection coefficient of an allele copy picked at random in the extant human population is less deleterious than it would have been had the population not gone through an epoch of extreme growth. We conclude that natural selection purges the most deleterious alleles more efficiently in the scenario with growth.

While the selection coefficient of derived alleles is on average less deleterious, our results also show that each individual carries a larger number of deleterious alleles in a growing population though only modestly so due to the recency of the growth in the human genealogical scale. Overall, the two effects balance out and the average individual fitness is not different in the growing population from that in the population without growth. Importantly, the simulations presented in this study considered only the case of mutations that are partially dominant, with fitness effect being 1 + *s* for heterozygotes and (1 + *s*)^2^ for homozygotes. For the vast majority (\>94%) of mutations, the selection coefficient *s* is distributed between 0 and −0.01, for which *s*^2^ is negligible and this model is approximately additive (1 + *s* and 1 + 2*s*), which is commonly assumed in genome-wide association studies (GWAS). The actual distribution of dominance degree (*h*) is difficult to obtain in humans, except to note that most Mendelian disorders are largely recessive. In model organisms, estimates of dominance vary considerably and are biased in various ways ([@bib11]; [@bib1]). In addition, it has been established that *h* covaries with *s* ([@bib42]; [@bib4]; [@bib38]). While it remains to be tested how our results translate to alleles of varying dominance models, the effect of recent population growth is characterized by very rare alleles, which are seldom observed as homozygous.

Our results also show that deleterious derived alleles are expected to have fewer copies in the population than neutral ones and especially so in the growing population. This result is in agreement with empirical data showing that the odds ratio of rare variants being functional compared to variants with minor allele frequency \>0.5% is 4.2 ([@bib45]). Importantly, low frequency is not the sole predictor of functionality in a demographic expansion scenario, since we observed that growth also leads to accumulation of extremely rare neutral variants. Applying Murayama's theory ([@bib35]) to population growth, [@bib32] and [@bib22] showed that---conditioned on allele frequency---allele age can be powerful in predicting selective effect.

The impact of changes in population size on deleterious variants has received considerable attention in recent years. [@bib29], comparing 15 African American and 20 European American individuals, showed that human populations that went through a rapid and recent population bottleneck present a higher proportion of deleterious variation. Comparing the same two populations, [@bib45] found that this result was dependent on the criteria used to classify variants as putatively deleterious. In non-European samples that experienced population bottlenecks, [@bib43] showed that recent inbreeding increased the proportion of mildly deleterious homozygous mutations. The impact of ancient bottlenecks on the average selection coefficient of an allele is also visible in our simulations. While our simulations show that population growth does not have a downward impact on the average selection coefficient of a derived allele copy, population bottlenecks had more notably affected deleterious variation.

Population growth generated a strong increase in the number of segregating sites in the population that can potentially play a role in complex disease risk. Since the vast majority of these variants are extremely rare, recent growth leads only to a moderate increase in the number of derived alleles carried by each individual. This supports the claim that common diseases may frequently be subject to strong genetic heterogeneity ([@bib27]), with different patients that have a similar diagnosis carrying rare or private mutations at the same or different loci ([@bib14]; [@bib34]; [@bib40]). At the same time, our results have no implications on the heterogeneity of *de novo* mutations since these are not affected by demographic history. Importantly, a larger population size by itself (and the consequent higher efficiency of selection), without population growth, would also result in increased genetic heterogeneity. In summary, we showed that the recent rapid growth experienced by many human populations can be partially responsible for increased levels of genetic heterogeneity in the architecture of complex disease and traits, via two effects: (1) the introduction of a much larger number of variants and (2) improved purging of the most deleterious alleles and maintenance of more mildly deleterious alleles, with the latter having smaller effect sizes on average for diseases that are under purifying selection.

Our results indicate that the recent rapid expansion of human populations has perturbed different population genetic attributes of our species. These can be used to suggest directions of exploration, define strategies in medical genetics, refine association methods, and tests of positive natural selection optimized for the genetic diversity segregating in human populations ([@bib54]). Our results have clear relevance to the issue of missing heritability in genome-wide association studies ([@bib31]; [@bib33]; [@bib9]). The impact of population growth on individual mutation load and the genetic architecture of complex diseases deserve further study, both theoretically and empirically. For example, a careful study of recombination and linkage patterns would benefit the association methods based on identity-by-descent ([@bib15]; [@bib3]; [@bib51]). Comparing large studies of deep sequencing between functional and nonfunctional regions will provide further empirical insight into ways that rapid growth affects the balance of mutation, drift, and selection. Finally, theoretical models need to be extended to accommodate additional factors, including variation in the degree of dominance, variation in family size ([@bib47]), and changes in variance in reproductive success over time.
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